One of the major targets for public health is the safety and quality of products addressed to human consumption which may be characterized by their taste and smell. Electronic noses have been developed in order to yield information on these basic parameters by using solid state gas sensors in combination with conventional polymers for the detection of various analytes. [1] [2] [3] [4] [5] [6] [7] [8] However, due to their still insufficient selectivity, current gas sensors do not allow one to detect all single compounds or a combination of analyte molecules on a complex background. This is due to the fact that, in most cases, the recognition of the analytes is unspecific and relies on a simple sorption/desorption process of the analyte in the metal oxide semiconductor material or in a polymer coating. [1] [2] [3] [4] [5] [6] [7] [8] To overcome this limitation, new functional materials have to be developed in order to design sensors with improved selectivity and sensitivity and to give a fast analysis. In this article, we describe the first use of reversible chemical reactions for the development of CMOSbased calorimetric microsensors with enhanced selectivity. The recognition is based on the reaction of the trifluoroacetyl group of a chemosensor molecule with the amino group of 1-butylamine to form a hemiaminal. Since the chemosensor combines both the properties of a chemical reagent with those of a selective ligand, it is termed "reactand". So far, we have already used optical sensors based on chromogenic and fluorogenic reactands to detect alcohols, 9 aldehydes 10 and amines. 11 However, optical sensors are more difficult to miniaturize than CMOS-based devices because they require light sources, waveguides and detectors. Furthermore, the use of CMOS-based microsensors provides response times in the range of seconds rather than minutes. Consequently, reactandbased functional materials are a step towards more selective microsensors intended to be used in electronic noses and tongues.
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Experimental
In order to determine the reaction enthalpy and entropy of the chromogenic reactand 4-N,N-dioctylamino-4′-trifluoroacetylazobenzene (ETH T 4001) in organic solvents, the absorbance spectra were recorded on a Specord S100 spectrometer (Zeiss, Germany) in a temperature range from 293 to 343 K at intervals of 10 K. Upon the addition of 1-butylamine to ETH T 4001 in toluene or acetonitrile, the trifluoroacetyl form of the dye was converted into the hemiaminal ( Fig. 1 ) and a shift of the maxima from around 490 nm to around 430 nm occurred. Different amounts of 1-butylamine were added to evaluate the equilibrium constants for the reaction of ETH T 4001 with the amine at different temperatures. The spectroscopic changes of ETH T 4001 were then used to calculate the equilibrium constants of the chemical reactions at different temperatures, allowing the determination of the reaction entropy and enthalpy via the van't Hoff plot and the Gibbs-Helmholtz equation. 12 The dipole moments of the trifluoroacetyl and hemiaminal form of the reactand were calculated by density functional theory using the RB3LYP functional with the 6-31G(d) basis set (Gaussian 98, Revision A.7, Gaussian Inc., Pittsburgh PA). Simplified chemical structures were used with a primary amino group instead of the N,N-dioctylamino group and the hemiaminal with ammonia instead of 1-butylamine.
Sensor membrane M1 was obtained by dissolving 15 mg of PVC, 30 mg of bis-(2-ethylhexyl)-sebacate (DOS), both from Fluka, and 5 mg of ETH T 4001 (available from Dyomics, www.dyomics.com) in 10 ml of THF. The polymer layers were then deposited on thermopiles by using an Airbrush (Badger, Model 200-F) and shadow masks. The thermopiles of the calorimetric microsensor consist of thermocouples, which were fabricated with n-doped polysilicon and metal layers of the CMOS process by Austriamicrosystems (Unterpremstätten, Austria), and have been described in detail elsewhere. 13 The reference membrane M2 was obtained by dissolving 15 mg of PVC, 30 mg of DOS and 5 mg of 4-N,N-dioctylamino-4′-nitroazobenzene in 10 ml of THF using a procedure similar to M1. All measurements were performed in a flow-through cell at a flow rate of 200 ml min -1 and a temperature of 301 K.
Results and Discussion
Prior to the application of 4-N,N-dioctylamino-4′-trifluoroacetylazobenzene (ETH T 4001, Fig. 1 ) in the calorimetric sensor layers, the reactand's thermodynamic properties were determined by using 1-butylamine as the analyte and toluene and acetonitrile as the solvents for the chemical reaction (Fig. 2) . 12 The reaction enthalpy for the hemiaminal formation was found to be -50.6±1.5 kJ/mol in toluene as the solvent, while the reaction entropy was -140.9±0.8 J/mol K. In acetonitrile, for a comparison, the reaction enthalpy was calculated to be -68.6±1.8 kJ/mol and the entropy -187.6±1.5 J/mol K. The higher reaction enthalpy for the polar solvent acetonitrile (ε = 37.5) is surprising because the hemiaminal has a lower dipole moment (2.73 D) than the trifluoroacetyl form (8.84 D) and, therefore, should be energetically favored in toluene (ε = 2.4). The calculated enthalpy changes stimulated the use of ETH T 4001 for the development of calorimetric sensors.
Calorimetric chemical sensors rely on enthalpy changes that occur upon the interaction of the analyte molecules with a polymer matrix. The resulting temperature changes are detected by micromachined sensing thermopiles onto which the polymer had been deposited while uncoated thermopiles serve as a reference. In detail, the recognition and transduction by a calorimetric sensor includes four steps, namely: (1) absorption of an analyte based on the partition coefficient of the analyte/polymer combination, (2) generation of heat which causes (3) temperature changes of a thermally insulated structure that is transformed into (4) thermovoltage changes. 
where A [K s/J] and B [V/K] are device and coating-specific constants describing the translation of a generated molar enthalpy ∆Hsum [J/mol] via temperature changes into thermovoltage changes, Vpolymer is the volume of the polymer, and K is the partition coefficient. The generated enthalpy sum, ∆Hsum, is a combination of the molar enthalpy of mixing, the molar enthalpy of condensation, and the free molar reaction enthalpy, if a chemical reaction takes place. 13 In contrast to reactand-based optical sensors which measure steady state signals 9-11 the calorimetric sensor detects only temporal derivatives, i.e. changes in the analyte concentration. 13 In the present case the general calorimetric set-up with polymer-coated sensing thermopiles and uncoated reference thermopiles was slightly modified. We coated the sensing thermopiles with the sensor layer M1 composed of the reactand in plasticised PVC, while the reference thermopiles were coated with non-reactive 4-N,N-dioctylamino-4′-nitroazobenzene in plasticised PVC (M2). Thus, we have cancelled out unspecific interactions to cause signal changes such as analyte sorption/desorption or mixing of the analyte in the sensing polymer. As a consequence, only enthalpy changes caused by the chemical reaction of ETH T 4001 with 1-butylamine are measured. Figures 3a and b show the output voltage of the microsensor system when switching (a) on and (b) off 1140 ppm of 1-butylamine in dry air. While the time for the formation of the hemiaminal (a, forward response) is in the range of 3 s, restoring the trifluoroacetyl group (b, reverse response) takes as long as 15 s to complete. Consequently, the peak voltage is significantly larger for the forward response than for the reverse response. However, the overall voltage changes (the integrals over the peak area) are the same for both the forward and reverse responses. In the case of the forward response, a slight bending of the curve is observed after 10 s. At present, we do not have an explanation for this specific behavior, but we assume reorientation of the dye in the polymer could be responsible. Figure 4 shows the short-term reproducibility of the positive and negative signal peaks (forward and reverse response) upon interaction of the reactand with 1-butylamine in the sensor layer. The sensor exhibits a dynamic range from 100 to 1200 ppm 1-butylamine with a detection limit of 80 ppm (For parameters governing the selectivity of the reactand towards secondary and tertiary amines, see Ref. 11) .
In summary, a calorimetric sensor has been described that uses a reversible chemical reaction for the detection of the analyte. The reactand used in this investigation paves the way for a new generation of electronic noses and tongues because its specific interaction with amines discrimination of a mixture of analytes by mathematical methods. Recent investigations have shown that the reactand presented within this work can also be used for measuring gaseous amines by using CMOS-based capacitive microsensors.
